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Numerical simulations of daytime temperature and humidity1

crossover effects in London2

N. Sparks (n.sparks07@imperial.ac.uk) and R. Toumi3

(r.toumi@imperial.ac.uk)4

Abstract. The effect of the London urban area on vertical profiles of temperature and humid-5

ity was analyzed using a mesoscale model. It was found that the near-surface warming and6

drying effects usually associated with the urban heat island in London in the summer daytime7

are reversed at heights near the top of the boundary layer. This effect has previously been8

observed for nighttime temperatures above cities and termed a ‘crossover’. The mechanism9

proposed here to explain this new phenomenon, the daytime crossover, is similar to the previ-10

ously suggested cause of the nighttime effect, that is, increased entrainment of warm dry air11

into the top of a cooler, more humid, boundary layer. The median summer daytime temperature12

crossover was found to be 1.1 K. The cooling was shown to be of a similar magnitude to the13

warming near the surface and extends up to 100 km downwind with a maximum magnitude14

at about 1500 UTC in summer. The moistening occurred over a similar spatial scale and peak15

values were typically two times greater than the near-surface drying effect.16

Keywords: Crossover, London, Mesoscale model, Numerical modelling, Urban heat island17

1. Introduction18

Studies of the London urban heat island (UHI) date back to at least 183319

when Luke Howard identified the phenomenon, noting that the air temper-20

ature in London was often higher than in nearby rural locations (Howard,21

1833). More recently several analyses of temperature measurements (Wilby,22

2003; Jones and Lister, 2007) report detailed accounts of long-term rural–23

urban temperature difference in London, while Giridharan and Kolokotroni24

(2009) and Kolokotroni and Giridharan (2008) provide recently measured25

diurnal cycles of the London UHI. These studies generally show that, at the26

surface, the London urban temperature excess (UTE), that is, the increase27

in temperature due to the urban environment, is nearly always positive, and28

largest during the night and in summer. Although it is not uncommon for29

negative values of UTE to occur in the daytime in the centre of large cities30

this effect is not observed in London (Mavrogianni et al., 2011).31

Numerical modelling is now a commonly used tool for investigating the32

effect of urban areas on the lower atmosphere. The importance of urban ef-33

fects in mesoscale simulations have been reported in various studies (Sarrat34

et al., 2006; Zhang et al., 2010, 2011; Chen et al., 2011b; Si et al., 2012).35

Recent numerical simulations of the airflow over London have focused on36

improving the parametrization of the urban land surface in numerical models.37

c© 2014 Kluwer Academic Publishers. Printed in the Netherlands.
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Chemel and Sokhi (2012) show the response of London’s heat island to a ma-38

rine air intrusion and test its sensitivity to the representation of the urban area39

in the model. Loridan et al. (2013) demonstrate the benefits of an improved40

urban-land classification scheme on simulations of London’s surface energy41

fluxes.42

Most UHI studies focus on air temperature near the surface, within the43

urban canopy layer, for two reasons: measurements are more easily made44

at the surface than aloft; the near-surface region is of more interest as this45

is the layer in which we live. Knowledge of the vertical structure of the46

UHI is however important in understanding the controlling processes. Early47

work by Bornstein (1968) in New York City reveals aspects of the complex48

structure of the nocturnal heat island. They observed a positive UTE near the49

surface that reverses in sign at heights between 300 m and 500 m, an effect50

they term a ‘crossover’. Lee and Olfe (1974) successfully reproduced the ob-51

served crossover using a two-dimensional numerical model, and showed that52

increased urban eddy diffusivity interacting with the nocturnal inversion leads53

to the crossover. Oke (1982) suggested two possible mechanisms causing the54

crossover: (a) entrainment at the elevated urban inversion base removing heat55

from this layer; (b) longwave radiative flux divergence at the top of the urban56

boundary layer (UBL). In a more recent study Wouters et al. (2013) used a57

regional climate model to simulate the airflow over Paris in the summertime58

and found a nocturnal temperature crossover at around 200 to 300 m in height.59

While temperature is usually the focus of UHI studies, the urban surface60

also affects the humidity in the UBL. Bohnenstengel et al. (2011) show that61

the London area had a lower near-surface relative humidity during the af-62

ternoon and evening although the UTE may affect this result. Both Fortuniak63

et al. (2006) and Kuttler et al. (2007) contrast rural and urban near-surface ab-64

solute humidity (or water vapour pressure) measurements and find that while65

the urban atmosphere is usually drier, it can also be more humid; that is, there66

is an urban moisture excess (UME). These UME events were found to be most67

frequent during summer nights. Many urban humidity studies report a corre-68

lation between the UME and UTE (Holmer and Eliasson, 1999; Unkašević69

et al., 2001; Mayer et al., 2003). Lee (1991) found that in London, near the70

surface, the UME is positive at night throughout the year and positive during71

the whole day in the winter and spring, and propose two possible mecha-72

nisms to explain the UME. Firstly, higher urban surface temperatures increase73

evaporation, especially throughout the night, whereas dewfall in rural areas74

removes moisture from the atmosphere. Secondly, the turbulent nocturnal75

atmosphere transports more humid air, which has been advected from rural76

areas, to the surface from higher levels.77

In this study the vertical profile of the UTE and UME are examined using78

a mesoscale modelling approach. It is found that in addition to the docu-79

mented nocturnal temperature crossover effect, a new phenomenon, the day-80
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time crossover, exists for temperature and absolute humidity. The proposed81

mechanism is a deepening of the boundary layer due to the urban land surface,82

which cools and moistens the air near the top of the boundary layer through83

increased mixing. Particular attention is paid to determining the timing, scale84

and magnitude of these crossovers.85

2. Methodology86

The Advanced Research (ARW) version of the Weather Research and Fore-87

casting model (WRF) version 3.5 (Skamarock et al., 2008) has been adopted88

using three one-way nested domains with horizontal grid spacings of 25 km, 589

km and 1 km. Each nest had 50 vertical levels with 11 layers below 2 km. The90

European Centre for Medium-range Weather Forecasts (ECMWF) Interim91

Re-Analysis (ERA-Interim) dataset was used to provide initial and bound-92

ary conditions, while United States Geological Survey (USGS) data pro-93

vided the initial land-use categories for the land-surface model. The various94

parametrization schemes are shown in Table I.95

For most of the results presented in this study the Noah land-surface model96

(LSM) (Chen and Dudhia, 2001) was used to represent the urban land-use97

category with no explicit urban canopy model (UCM). This is a relatively98

simple urban model that varies roughness length (although not zero-plane99

displacement height), surface albedo, emissivity, surface heat capacity, soil100

thermal conductivity and green vegetation fraction (Liu, 2004). Values of101

key land-surface parameters used in the Noah LSM for urban and non-urban102

surfaces are shown in Table II. These modifications have several effects on103

the land-surface physics: increasing the energy input to the system through104

the reduced albedo; increasing the thermal inertia through the modified soil105

thermal properties; reducing evaporation by decreasing the vegetated frac-106

tion; changing the surface-layer scaling and turbulence through the increased107

roughness length.108

Modelling on the canopy scale was not deemed necessary as the focus109

is on the atmosphere well above the canopy layer where values of tempera-110

ture and humidity should depend predominantly on urban surface fluxes of111

heat, moisture and momentum on a much larger horizontal scale than the112

canopy size. However, we do expect sensitivity of the results to the physical113

parametrization of the urban canopy. To test the sensitivity of our results to114

the choice of urban LSM the WRF model was also coupled to a single-layer115

UCM (Chen et al., 2011a) using the default parameters and one urban land-116

use type. This model takes into account the effect of the geometry of street117

canyons on shadowing, heat transfer and wind flows and includes multiple118

surface types (e.g. roofs and roads) as well as anthropogenic heating from119

human activity.120
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Table I. Parametrization schemes used in WRF model.

Physical process Parametrization Scheme Used

Land surface Noah land surface model (Chen and Dudhia, 2001)
Planetary boundary layer MYJ (Janjić, 2002)
Surface layer Eta similarity (Janjić, 1994)
Longwave radiation RRTMG (Iacono et al., 2008)
Shortwave radiation RRTMG (Iacono et al., 2008)
Microphysics Lin (Lin et al., 1983)
Convection (outer domain only) Grell-Dévényi (Grell and Dévényi, 2002)

Two three-month periods were examined, a winter period from 1 Decem-121

ber 2008 to 28 February 2009 and a summer period from 1 June to 31 August122

2009. For each period the model was run twice, a control run (CTRL) with123

the original land-use categories and an experimental run (NOLON) where124

the land in the London area was modified from ‘Urban and built-up’ to ‘Dry-125

land Cropland and Pasture’, which is the prevalent surrounding land-use type.126

Both urban and non-urban land-surface tiles were initialized with the ERA-127

Interim reanalysis data. The three-month simulations were continuous with128

no nudging towards the forcing data performed and a spin-up period of 1 day129

was used. Figure 1 shows the three model nest domains and the modified130

urban area.131

The results presented here are likely to be sensitive to the behaviour of the132

boundary layer, particularly the turbulent mixing in the boundary layer. In a133

mesoscale model mixing is principally determined by the planetary boundary-134

layer (PBL) scheme through the parametrization of turbulence. Three of the135

most widely used PBL parametrization schemes (MYJ (Janjić, 2002), YSU136

(Hong et al., 2006), QNSE (Sukoriansky et al., 2005)) were trialled and pro-137

duced quantitatively similar results. We conclude that the modelled results are138

robust to changes in the PBL parametrization scheme, and we only show MYJ139

results here. Of particular interest is the height of the boundary layer, which140

in the MYJ PBL scheme is calculated as the height at which the turbulent141

kinetic energy (TKE) decreases to a value of 0.1 m2 s−2 (Janjić, 2002).142

3. Results143
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Table II. Key parameters used in the Noah land-surface model for urban and non-urban land
use types in the non-UCM simulation. Non-urban values are for the USGS category ’Dryland
Cropland and Pasture’ that is prevalent around London. Green vegetation fraction is an approx-
imate value for the area surrounding London and not directly linked to land-use type in the
USGS data. The non-urban soil thermal conductivity is variable and dependent on moisture
content but is expected to be significantly lower than the fixed urban value.

Property Urban Non-urban
Summer Winter Summer Winter

Albedo (%) 15 15 17 23
Roughness length (m) 0.5 0.5 0.15 0.05
Emissivity (%) 88 88 98.5 92
Soil thermal conductivity (W m−2 K−1) 3.24 3.24 - -
Surface volumetric heat capacity (MJ m−3 K−1) 3.0 3.0 2.0 2.0
Green vegetation fraction (%) 5 5 ∼35 ∼50
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Figure 1. Map of the three model nest domains used shown in (a), the ‘Urban’ area of London
modified to ‘Dryland Cropland and Pasture’ is shown in grey, (b) the innermost nest is shown,
the dashed box outlines the area used to calculate mean central London values. The ‘x’ marks
the centre of London at 51.5◦ N -0.13◦ W. Land-cover information is from USGS.

3.1. Surface climatology144

First, the performance of the model in reproducing well-known surface UHI145

effects is examined. By comparing results of the CTRL and NOLON model146

runs, the effect of the urbanized area of London can be inferred. The data147

shown in this section represent average values over the area of central Lon-148

don shown in Fig. 1 for the three-month periods of the summer and winter149

experiments, and we use results from the non-UCM 1-km simulations. The150

mean diurnal cycles of UTE (∆θ = θCTRL − θNOLON , where θ is the potential151

temperature) and UME (∆q = qCTRL − qNOLON , where q is the water vapour152
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mixing ratio) at a height of 2 m are shown in Fig. 2. The height of 2 m was153

chosen as the standard height for defining an urban heat island (Fortuniak154

et al., 2006; Sarrat et al., 2006).155

In summer there is a strong diurnal cycle of ∆θ with a broad daytime156

minimum of around 1-2 K and nighttime maximum of 3.5 K. This is very sim-157

ilar to central London observations presented by Kolokotroni and Giridharan158

(2008) based on measurements at a height of 6 m. As these observations (and159

others mentioned in this section) are based on point measurements within or160

at the top of the urban canopy they are representative of a different scale to161

our grid-box-averaged simulated values. Comparisons between them should162

therefore be made tentatively and we only state a qualitative similarity here163

that is sufficient to demonstrate the phenomenon of the daytime crossover.164

In the winter the mean magnitude of ∆θ is reduced as well as the range165

of the diurnal cycle. During periods with no incoming shortwave radiation166

∆θ remains fairly constant at around 0.75 K and then decreases to just above167

zero by midday. This is consistent with the measured winter values reported168

in Wilby (2003). Similarly the UME, ∆q, has a strong cycle in the summer169

with the city drier than the surroundings for most of the day excluding the170

period from 0000 to 0600 UTC where there is a positive ∆q. In the winter the171

range and magnitude of the cycle are reduced but there is an extended small172

positive ∆q from 1800 to 0800 UTC. These results are in broad agreement173

with the measurements of Lee (1991) in London and Fortuniak et al. (2006)174

in Łódź.175

Figure 3 shows diurnal cycles of the change in surface sensible and latent176

heat flux due to the urban surface, ∆QH and ∆QE respectively, for summer177

and winter periods as above. In the summer, ∆QH is positive throughout the178

day with a maximum in the early afternoon where the effects of the reduced179

urban albedo are strongest, the heat island is however weakest around this180

point because the excess heat is mixed into a deeper boundary layer. ∆QE has181

very small positive values throughout the night that could contribute to the182

UME. The negative ∆QE during the day, which reaches a minimum around183

noon, is mainly due to the low vegetation cover of the urban surface and is184

the main source of the dry island effect during the day. In the winter ∆QH has185

a small positive value throughout the day with no significant diurnal cycle.186

Winter values of ∆QE resemble the summer but display greater variability.187

3.2. Crossover climatology188

Having established the model’s qualitative reproduction of the observed near-189

surface climatology we now examine the upper boundary layer. A mean day-190

time crossover is present and is largest at around 1500 UTC and at heights191

of 1.8 km and 1.3 km for temperature and humidity respectively as shown192

later in this section. Maps of the mean summer 1500 UTC value of ∆θ at 2193
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Figure 2. Diurnal ∆θ and ∆q at 2-m height in central London for the summer and winter
periods December 2008 to February 2009 and June to August 2009 respectively from the 1-km
simulation. Solid line is the mean, dashed lines are plus and minus one standard deviation.
Values calculated on means across the boxed area in Fig. 1b comprising 357 grid squares in
central London.
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as in Fig. 2.
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m and 1.8 km and ∆q at 2 m and 1.3 km are shown in Fig. 4 using the 5-194

km simulation with no urban canopy model. The daytime near-surface heat195

island and dry island are clearly present in the immediate vicinity of London.196

In the maps at higher altitudes, the crossover is present with roughly 10% of197

the near-surface magnitude for both temperature and humidity. The crossover198

is centred slightly to the east of the centre of London due to the westerly199

prevailing wind.200

3.2.1. Sensitivity to model set-up201

Figure 5 repeats the above analysis using data from the UCM simulation.202

The figures are qualitatively very similar. The main difference is a reduction203

in the magnitude of the near-surface and crossover effects by approximately204

30% compared to the non-UCM model. The existence of the crossover does205

not therefore seem sensitive to the particular choice of urban land-surface206

model but does have a quantitative relation to it. As the simpler non-UCM207

Noah LSM simulation qualitatively reproduces the observed near-surface ur-208

ban temperature and humidity behaviour it will be used for the remainder of209

the analysis.210

The above analysis is again repeated in Fig. 6 only this time using the 25-211

km simulation. At this resolution London is represented by only two adjacent212

urban tiles. The surface heat island and dry island are both present albeit at213

slightly reduced magnitudes. The crossovers in temperature and humidity are214

also present with a similar magnitude to the 5-km simulation. This shows215

that, while there is some quantitative dependence on horizontal grid spacing,216

a high horizontal spatial resolution is not necessary to produce a crossover217

effect and even resolving the urban area as two grid squares appears to be218

sufficient to produce the effect.219

3.2.2. Crossover magnitude and location220

The magnitude of the temperature crossover at a given time, ∆θmin, can be221

defined as the minimum value of UTE, ∆θ, in the along-wind vertical cross-222

section passing through the centre of London in a model domain. Corre-223

spondingly, ∆θmax is then the maximum magnitude of the heat island. The224

humidity crossover leads to a moisture excess, so its magnitude, ∆qmax, is225

defined as the maximum value of UME, ∆q, in the same cross section de-226

scribed above; ∆qmin is then the magnitude of the dry-island effect. These227

values were calculated at 1500 UTC each day in the summer period using228

the 5-km simulation. Figure 7 shows the magnitude of ∆θmin and ∆qmax and229

their respective locations on the cross section. The coldest crossover events230

typically occur between 0 and 50 km downwind of the centre of London at231

a height of just under 2 km. The locations of ∆qmax are similarly distributed232

although at a slightly lower height.233
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Figure 6. As in Fig. 4 but using the 25-km horizontal grid spacing simulation.

To test the relationship between heat island and crossover magnitude Fig. 8234

shows the correlation between ∆θmin and ∆θmax; they are anticorrelated with a235

Pearson’s correlation coefficient of −0.55. ∆qmax is also correlated with ∆θmax236

and has a Pearson’s correlation coefficient of 0.34.237

Histograms of the four variables, ∆θmin, ∆θmax, ∆qmax and ∆qmin are shown238

in Fig. 9. Values of ∆θmin range from −0.1 K to −2.3 K with a median of −1.1239

K, similar to the median of ∆θmax of 1.3 K. There is therefore a crossover of240

some form everyday in the summer period and on half of the days the cross-241

over magnitude is > 1.1 K. ∆qmax ranges from 0.1 g kg−1 to 5.9 g kg−1 with242

a median of 2.0 g kg−1, approximately twice the magnitude of the median243

∆qmin.244

Figures 8 and 9 reveal that the magnitude of the temperature crossover245

is often similar to that of the near-surface heat island and that the two are246

correlated; this suggests their mechanisms are linked. An increase in surface247

sensible heat flux would raise the surface air temperature but would also248

increase the turbulent mixing and the height to which mixing is significant249

(i.e. the boundary-layer height). The crossover may then be due to increased250

mixing at around the boundary-layer height. This theory is explored in more251

detail in Sect. 3.3.252
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3.2.3. Diurnal crossover253

In Fig. 10 the mean diurnal cycle of the central London UTE, ∆θ, is shown254

as a function of height above the ground. This was calculated using the 1-255

km simulation. During the summer, the positive urban heat island extends256

from the surface up to about 200 m at night and 1.2 km at midday, roughly257

following the variation in boundary-layer height. Above this is the crossover258

layer. The nocturnal crossover begins developing at around 2200 UTC and259

lasts until 0700 UTC with a maximum magnitude of ∆θmin ≈ 0.2 K at a height260

of 300 to 400 m. The daytime crossover appears to be largely disconnected to261

the nocturnal crossover and reaches maximum magnitude at a height of 1.8262

km at around 1500 UTC. In winter, the crossover seems to last for the whole263

day with only a reduction in magnitude during the daytime. The crossover264

remains at a constant height, roughly 200 to 400 m, throughout the diurnal265

cycle.266

The diurnal cycle of UME, ∆q, is also shown in Fig. 10. In the summer267

during the day London is a dry island with a vertical extent of up to 1 km at268

1400 UTC. There is also a humidity crossover aloft during the daytime, simi-269

lar to the temperature crossover described above, with a maximum magnitude270

of around 0.3 g kg−1 at 1500 UTC at a height of approximately 1.5 km. In271

the winter, above the surface, there is a humidity crossover during most of the272

day with a peak magnitude at 0.6 km at 1800 UTC. The effect in the winter273

is an order of magnitude smaller than in the summer.274

The magnitudes of the temperature and humidity crossovers in the mean275

diurnal cycles appear significantly smaller than the values of ∆θmin and ∆qmax276

presented in Fig. 9. This is partly because the peak crossover values usually277

occur downwind of the centre but also because they occur at varying heights278

and so are smoothed by the averaging process.279

3.2.4. Crossover spatial extent280

The mean spatial extent of the temperature crossover is also of interest and281

is examined here. Using data from the 5-km simulation, cross-sections of282

∆θ through the centre of London and aligned with the direction of the mean283

wind in central London were calculated for each day at 1500 UTC when284

the mean crossover effect is near maximum. Figure 11 shows a composite of285

these cross-sections. Also shown are the boundary-layer heights for the CTRL286

and NOLON cases. The summer crossover has a mean maximum magnitude287

(∆θmin) of around 0.4 K at 1.8 km above ground and approximately 30 km288

downwind of the centre of London. The regular heat island extends from the289

surface up to around 1 km and reaches over 100 km downwind. In the winter290

the UHI only reaches about 200 m above ground and the crossover effect is291

weaker but present at about 400 m above ground. The urban boundary-layer292

height is raised by a maximum of about 400 m and 200 m in summer and293

winter respectively.294
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Figure 10. Diurnal ∆θ in central London as a function of height above ground are shown in (a)
and (b) for the periods June to August 2009 and December 2008 to February 2009 respectively.
Corresponding plots for ∆q are shown in (c) and (d). Solid line shows CTRL boundary-layer
height, dashed line shows NOLON boundary-layer height as calculated by the PBL scheme
(Janjić, 2002). The vertical dotted lines depict the mean sunrise and sunset times over the
three-month period. Note the different vertical scales used for the summer and winter. Data
from the 1-km simulation.

Analogous humidity cross-sections are also shown in Fig. 11. In the sum-295

mer the horizontal distribution is similar to that of the UTE, ∆θ, although296

the peak magnitude is lower at around 1.5 km above ground. The humidity297

crossover is an order of magnitude smaller and of reduced spatial extent in298

the winter.299

For both temperature and humidity in the summer the crossover magnitude300

peaks just after the difference between CTRL and NOLON boundary-layer301

heights reaches a maximum. This is evidence that the boundary-layer height302

is an important factor in creating the crossover. Further downstream, as the303

tops of the CTRL and NOLON boundary layer begin to converge, the cooler304

and moister air in the crossover is advected downstream and still detectable in305

the mean signal up to 100 km away. Beyond this the temperature and humidity306

profiles relax back to the rural values.307
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Figure 11. Composite along-wind cross-sections of ∆θ at 1500 UTC are shown in (a) and
(b) for the periods June to August 2009 and December 2008 to February 2009 respectively.
Corresponding plots for ∆q are shown in (c) and (d). Solid line shows CTRL boundary-layer
height, dashed line shows NOLON boundary-layer height. Data from the 5-km simulation.
Note the different vertical scales used for the summer and winter.

3.3. Crossover event study308

Having examined the crossover climatology we now present a case study. A309

daytime crossover event at 1500 UTC on 25 July 2009 is shown in Fig. 12310

using data from the 5-km simulation. Maps of UTE, ∆θ, at 2 m and 1.8 km311

above ground are shown in addition to cross-sections aligned with the wind312

direction in central London, of ∆θ, ∆q and ∆K, where K is proportional to313

the turbulent mixing diffusivity and defined as K = le
1
2 , l is the master length314

scale as calculated by Janjić (1990) and e the total kinetic energy in the PBL315

scheme (Xie et al., 2012). Boundary-layer heights are shown for both the316

CTRL and NOLON cases. In this event a well-developed heat island and dry317

island exist from the surface up until just below the NOLON boundary layer318

height. Between the NOLON and CTRL boundary-layer heights however are319

strong crossovers where the presence of urbanized London has a cooling and320

moistening effect. These regions extend from roughly the centre of London321

to beyond 100 km downwind of the centre of London.322

In Fig. 13, vertical profiles of potential temperature, humidity and diffu-323

sivity are shown for the same event 25 km downwind of the centre of London,324
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approximately where the crossover reaches a maximum. The profiles help to325

explain the origin of the daytime crossovers. In the NOLON case the vertical326

gradient of potential temperature is close to zero until around 1 km indicating327

strong mixing from the ground up until this height, then at 1.2 km there is328

an inversion, capping the mixed layer. In the CTRL case, the height of the329

inversion is increased to around 1.5 km leading to extra mixing in this height330

range that is visible in the vertical profile of diffusivity. The vertical profiles of331

temperature and humidity depend on, amongst other things, the mixing which332

has occurred upstream, hence the height of the layer of diffusivity excess333

at this horizontal location does not match up exactly with the height of the334

crossover layer.335

We propose that the following mechanism causes the cooling in the cross-336

over layer: increased sensible heat flux from the urban surface causes the337

boundary-layer top to rise; as it rises, air in the boundary layer, with a lower338

potential temperature, is mixed up into air with a higher potential temperature339

which was previously above the boundary layer. The effect of this mixing is340

that the air near the top of the deepened boundary layer is cooled while the341

air below this is warmed. The direction of the effect is reversed in the case342

of the humidity as the more humid air below is mixed into relatively dry air343

above. Another way of viewing this is that the air immediately above the rural344

boundary-layer top is entrained into and mixed throughout the boundary layer345

as it deepens over the urban surface. This is then similar to the ‘entrainment346

at the elevated inversion base’ explanation of the nighttime crossover effect347

provided by Oke (1982). In this explanation the temperature deficit in the348

crossover layer occurs because some of its heat has been mixed throughout349

the boundary layer. Therefore we expect that the mixing process causing the350

crossover also contributes to the positive heat island below it.351

4. Conclusion352

A mesoscale model was used to reproduce the London urban heat island353

(UHI) for summer and winter periods using horizontal resolutions of up to354

1 km with a simple parametrization of the urban surface. The model qual-355

itatively reproduces observations of the urban area’s effect on near-surface356

temperature and humidity.357

A significant, frequently occurring daytime crossover effect was produced358

by the simulation. This phenomenon has not previously been reported in359

either observational or simulation studies. The crossover diurnal cycle and360

spatial extent have been quantified and in the summer, at least, are similar (but361

opposite in sign) for temperature and humidity. The median daytime temper-362

ature crossover magnitude was 1.1 K in the summer, similar to the median363

near-surface UHI magnitude. The median humidity crossover magnitude was364
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Figure 12. A temperature and humidity crossover event at 1500 UTC on 25 June 2009. ∆θ is
shown in (a) and (b) at 2 m and 1.8 km above ground respectively with the line AB marking
the cross-section shown in other plots. The wind direction is approximately west-south-west.
Cross-sections of ∆θ, ∆q and ∆K are shown in (c), (d) and (e) respectively. Lines in cross
sections are boundary-layer heights, dashed line is from the NOLON experiment, solid line is
the CTRL run.
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Figure 13. Vertical profiles of θ, q, K, ∆θ, ∆q and ∆K at a single grid point 25 km down
wind of central London on the fringes of the city (at the approximate position of maximum
crossover) for the event shown in Fig. 12. The surface cover at this grid square is urban.
Horizontal lines show boundary-layer heights for CTRL (solid) and NOLON(dashed).
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Figure 14. A conceptual figure showing the daytime vertical and horizontal temperature
crossover effect. As air is advected over the urban surface, a sensible heat flux, QH , induces
warming of the lower boundary layer, increasing the boundary-layer height as turbulent mixing
increases. Where the boundary layer has deepened a temperature crossover (negative UHI)
exists. The boundary-layer height returns to rural values downwind of the city but the cool
air from the crossover is advected beyond this. Typical urban and rural potential temperature
profiles are shown on the same axes. The arrows depict mixing of the lower, cooler rural air
up into the deeper urban boundary layer and the warmer, higher rural air down into the lower
urban boundary layer.

twice the size of the surface effect. Peak crossover values tend to occur 30365

km downwind of the centre of London near the top of the boundary layer. We366

propose that increased mixing near the top of the urban boundary layer in-367

teracting with the inversion in the vertical temperature profile is the principal368

mechanism causing the crossover. A conceptual diagram of the temperature369

crossover effect is shown in Fig. 14.370

We believe this to be the first study of daytime urban crossover effects.371

One reason for this, no doubt, is that it is very difficult to observe this effect,372

given that it is necessary to detect a relatively small temperature (or humidity)373

difference compared to a variable rural background, 30 km downwind of a374

city centre at approximately 2 km above the ground. It is more surprising that375

this effect has not been documented in modelling studies, perhaps because the376

focus there is usually on or near the surface where the impacts of urbanization377

on the local climate are greatest.378
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Janjić, Z.: 1994, ‘The step-mountain eta coordinate model: Further developments of the con-414

vection, viscous sublayer, and turbulence closure schemes’. Mon. Weather Rev. 122,415

927–945.416
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